Abstract: Self-starting, steady-state χ (2) -lens mode-locking of a 1.34-μm diode-pumped Nd:YVO 4 laser using intracavity second harmonic generation in PPMgSLT is demonstrated. Pulses as short as 3.6 ps with an average output power of ~1 W are obtained at a repetition rate of 120 MHz.
Introduction
In the last decade, there has been growing interest in steady-state passive mode-locking of diode-pumped Nd-lasers operating on the 4 F 3/2 → 4 I 13/2 transition around 1.3 μm. Such laser sources could be useful for a number of applications in semiconductor industry, telecommunications and medicine. The first passive, steady-state mode-locking technique transferred from lamp-pumped to diode-pumped 1.3 µm Nd-lasers was additive mode-locking but this is a complex approach employing single-mode fibers in a coupled cavity and locking electronics [1] . Presently, the much simpler for realization semiconductor saturable absorber mirror (SESAM) mode-locking is widely used near 1 µm but the spectral region around 1.3 µm is problematic because of difficulties in the fabrication process and damage resistivity. With increasing the operating wavelength, technical and engineering problems occur, generally limiting the optical quality of the SESAMs. In fact, each SESAM is designed and fabricated to operate only at a specific wavelength and it is difficult to optimize its modulation depth independently of the nonsaturable losses. The first demonstration of continuous-wave (CW) SESAM mode-locking of a Nd-laser operating near 1.3 μm was in 1996 [2] . In that work, stable mode-locked operation of Nd:YVO 4 and Nd:YLF lasers was reported, with relatively low output powers of 50 and 130 mW, respectively. Pulse durations as short as 4.6 ps in the case of Nd:YVO 4 and 5.7 ps in the case of Nd:YLF were achieved. Subsequently, few other groups have reported on mode-locked operation of 1.3 μm Nd-lasers by different types of SESAMs, basically trying to improve the performance in terms of average output power and long term stability. The highest average output powers (1.05 W at a repetition rate of 152 MHz) were demonstrated only recently [3] , with an AlGaInAs based SESAM, however, the pulse duration from this Nd:YVO 4 laser amounted to 26.4 ps.
In this work we investigate an alternative passive mode-locking technique based on second-order nonlinearity inside the laser cavity which utilizes negative χ (2) -lens formation in a second-harmonic generation (SHG) crystal assisted by the nonlinear reflection of the socalled Frequency Doubling Nonlinear Mirror (FDNLM). The FDNLM itself consists of the SHG crystal and the output coupler with partial reflection at the fundamental wave and total reflection at the second-harmonic (SH) wave, respectively, and the dispersive medium between them [4] . This approach is generally free of spectral limitations and absorption problems, and enables easier power scaling to the multi-watt level. The same technique has been previously used for mode-locking of Nd-lasers emitting at 1.06 µm [5] [6] [7] . Passive modelocking of a 1.3 µm Nd-laser using only the FDNLM technique was first demonstrated in the non-stationary regime with pulsed (lamp-) pumping [8] . In the present work, which is an extension of a preliminary conference report [9] , not only steady-state mode-locking is achieved but a qualitatively different approach is applied because in contrast to the FDNLM mechanism working alone, the SHG takes place far from perfect phase-matching. More recently, mode-locking of the 1.3 µm transition in Nd:YVO 4 was studied also by others [10] , but their work also relies on the FDNLM alone.
The negative χ (2) -lens formation, as a primary mode-locking mechanism utilized in the present work, is quite promising for scaling the average and peak power because the associated single pass intracavity SHG conversion efficiency is rather low (<1%) while any damage related problems in a nonlinear crystal as well as thermal instabilities of the SHG process are normally related to the power level of the SH. Moreover, the FDNLM used as a passive mode-locking mechanism leads to several times longer pulse durations in comparison to χ (2) -lens mode-locking, as previously demonstrated in a 1.06 µm Nd-laser [6] . Here we demonstrate stable steady-state mode-locking of a diode-pumped Nd:YVO 4 laser operating at 1.342 μm with pulse durations as short as 3.6 ps and an average output power of ~1 W, close to the maximum value for CW TEM 00 operation of the laser. In comparison to previously reported results [2, 3, 10] , for the first time high average powers and short pulse durations are simultaneously available from a passively mode-locked 1.3-µm diode pumped laser source.
Experimental set-up
The laser cavity is schematically shown in Fig. 1 . The laser crystal (LC) is a 9 mm long, acut, 1.5°-wedged Nd:YVO 4 with 0.25 at. % doping. The end faces were antireflection (AR) coated for minimum losses at the laser wavelength. The LC was mounted in a Cu holder whose temperature was stabilized at 25°C by circulating water. The laser was longitudinally pumped by the unpolarized radiation of a 808 nm laser diode bar coupled into a 400 µm optical fiber (NA = 0.22). The output beam from the optical fiber was focused by a 1:1 reimaging unit and delivered onto the LC through the plane end mirror M, which is transmitting for the pump radiation (Fig. 1) . The nonlinear crystal (NLC) is 1-mm-thick periodically-poled 1 mol. % Mg-doped stoichiometric lithium tantalate (PPMgSLT), with dual-band AR-coatings designed for highpower operation [11] . Two samples, 5 mm wide but with different lengths L, 10 mm and 20 mm, where prepared. The period (14.7 µm) was designed for phase-matched SHG at 1.342 µm at a temperature of 461 K (188°C). The NLC was mounted in an oven with high precision ( ± 0.5K) temperature control.
The radius of curvature (RC) of the folding mirror M1, the focal length of the intracavity lens, and the separations between the cavity elements were chosen to ensure beam radii of ~80 μm in the NLC and ~200 μm in the LC. Plane mirrors with different characteristics were employed as output couplers (OC). Mode-locked operation was studied with two different OCs transmitting 5% and 10% at the fundamental wavelength, both highly reflective at the SH. The Nd:YVO 4 laser operated in π-polarization. The pulse durations were measured using a rapid-scanning autocorrelator consisting of a rotating pair of parallel flat mirrors incorporated in one of the arms of a Michelson-type a Michelson type interferometer. The scaling coefficient defined as ratio between the optical delay and scanning time was 0.016 ps/µs. The autocorrelation signal obtained from non-collinear SHG in a 2-mm thick BBO crystal was detected by a p-i-n photodiode and digital oscilloscope.
Experimental results and discussion
The intracavity SH power, normalized by the squared fundamental power in the CW regime, was measured as a function of the crystal temperature (Fig. 2) and showed maximum conversion efficiency at T max = 461.6 ± 0.5 K and a FWHM of ΔT FWHM = 4.6 K. Stable passive mode-locking operation was observed, however, at higher temperatures, at T ML = 467.6 ± 1 K for all output couplers used. This corresponds to far from perfect SHG phasematching, in the first-order maximum of the temperature-dependent phase-matching curve (see Fig. 2) .
A temperature induced phase-mismatch of 4.2 ± 0.6 rad is calculated at 467.5 K using the existing temperature dependent Sellmeier equations for SLT [12] . Nearly the same value, 3.9 rad, is obtained using a value of θ = 0.65 rad/K for the temperature phase-mismatch coefficient derived from fitting the curve in Fig. 2 with theoretically calculated single-pass normalized SHG efficiency as a function of mismatch (ΔkL/2) = θ(T-T max ) where Δk is the wave-vector mismatch [13] . The phase-mismatched SHG introduces χ (2) -nonlinear lens in the laser resonator [5] [6] [7] . Operation on the right wing of the phase-matching curve corresponds to a negative χ (2) -lens formation. The highest CW output power and efficiency were achieved with the OC of 10% transmittance at the laser wavelength and high reflectivity at the SH.When lasing is achieved, the resonator is optimized for high power TEM 00 mode of operation by adjusting the position of the OC using linear translation stage. Figure 3(a) shows the measured average output power versus incident pump power with the 10 mm long PPMgSLT crystal. The laser threshold is at 3.7 W, while mode-locking is observed in the range between 15.4 and 16.6 W where the CW output power is decreasing with the incident pump power. The maximum output power in the stable mode-locked regime was 1.05 W, obtained at a pump level of 15.4 W. A fast p-i-n photodiode oscilloscope trace of the laser output over a time scale of 30 µs is shown in Fig. 3(b) together with an image of the individual pulses (inset). The amplitude fluctuations are less than 1.5% rms on the microsecond and millisecond time scale. The performance of the mode-locked laser shows a lot of similarities with the experimental results on mode-locking of the 1 µm transition of Nd-lasers using the same approach [5] [6] [7] . Thus, we attribute the main mechanism of mode-locking to the negative χ (2) lens formation while the amplitude modulation of the FDNLM plays a minor role, contributing mostly to the self-starting. The simulations of our laser cavity using bareresonator theory indicate that the mode size in the LC is changing upon increasing the thermal lens optical power. It decreases slowly until the thermal lens optical power reaches a value of ~4 Dpt for the chosen resonator design. Additional increase of the thermal lens optical power leads to abrupt increases of the LC mode size. Hence, the laser efficiency is decreasing due to non-optimum overlapping with the pump beam i.e. due to average net-gain decrease which corresponds to the regions of negative slopes of the CW input-output laser characteristics. A negative χ (2) -lens formed in the NLC counteracts the thermal lens and introduces powerdependent effect on the overlap between laser and pump beams, leading to a dependence of the average gain on the intensity At present the output power level of our mode-locked laser is limited by the achievable output power in the CW TEM 00 mode of operation, which is determined primarily by the thermal lens effects in the longitudinally diode-pumped Nd-doped LC. Higher CW output powers (up to 1.5 W) were obtained increasing the incident pump power up to ~19 W. Although the laser efficiency starts to decrease again, a second region of stable mode-locking operation was not observed, presumably because of the multimode character of the laser output at this pump level. Figure 4 shows the measured autocorrelation trace corresponding to maximum output power in the mode-locked regime. The fit, assuming sech 2 pulse shape, gives a pulse duration of 6.9 ps (FWHM). Somewhat shorter pulses (5.9 ps) where achieved by replacing the 10% output coupler with one having 5% transmittance at the fundamental and high reflection at second harmonic. The shorter pulse duration obtained in this case is a consequence of the higher intracavity intensity, i.e. stronger χ (2) -lens effect. However, the reduced transmission of the output coupler also results in approximately 30% decrease in average output power.
The experimental results presented so far were obtained using a 10 mm long PPMgSLT sample. By replacing the NLC with a 20 mm long sample, substantial pulse shortening was observed while the average output power and efficiency remained in the same range. Figure 5 shows the measured average output power versus the incident pump power with the 20 mm PPMgSLT. The observed laser behaviour was similar to the previous case with shorter NLC. Stable mode-locking operation was obtained in the first negative slope region of the oscillator input-output characteristics for pump powers ranging between 12.8 and 13.8 W. The maximum output power in the mode-locked regime reached 0.8 W while the slope efficiency was 11%. The measured autocorrelation trace (see Fig. 6 ) corresponds to a pulse duration (FWHM) of 3.6 ps assuming sech 2 pulse shape, the shortest pulses achieved so far for this transition of Nd-lasers by any mode-locking technique, approximately three times shorter than ones with pure FDNLM mode-locking recently demonstrated with a similar Nd-vanadate laser [10] .
In fact, the proposed technique is quite promising for mode-locking of diode pumped lasers based on narrow-band active media because it relies on a lower order nonlinearity in comparison to the Kerr lens mode-locking technique using χ (3) -nonlinearity, and also because the χ (2) -lens formation can be triggered at relatively low peak intensity. Also, in contrast to the Kerr effect where the resulting nonlinear lens is only positive (i.e. focusing lens), in the case of lens formation based on second order nonlinearity the lens type depends on the sign of the phase-mismatch ΔkL. The latter can be positive which means a negative or diverging lens and negative which means a positive or converging lens. A disadvantage of using second order cascaded nonlinear phase shift compared to the Kerr self-phase modulation for nonlinear lens formation is that it requires SHG crystal and also that it can be saturated. However, the saturation intensity depends on the phase mismatch parameter ΔkL and it increases when moving away from the perfect phase-matching point.
Conclusion
In conclusion, we have demonstrated the first realization of a stable and self-starting 1.3 μm mode-locked Nd-vanadate laser using χ (2) -negative lens formation in a PPMgSLT intracavity SHG crystal. The shortest pulse duration obtained is 3.6 ps. Such mode-locking is possible at pump powers corresponding to the negative slope region of the input-output characteristics of the laser in the CW mode of operation. The described technique is applicable in wide spectral regions and could be of special interest in other types of bulk solid-state lasers operating at wavelengths where passive mode-locking techniques are still under development, such as Tmand Ho-lasers operating near 2 μm. Compared to the FDNLM mode-locking mechanism, the χ (2) -negative lens formation yields much shorter pulse durations.
